Pleistocene glaciations have profoundly affected patterns of genetic diversity within many species. Temperate alpine organisms likely experienced dramatic range shifts, given that much of their habitat was glaciated during this time. While the effects of glaciations are relatively well understood, the spatial locations of refugia and processes that gave rise to current patterns of diversity are less well known. We use a microsatellite data set to test hypotheses of population connectivity and refugial isolation in the web-toed salamanders (Hydromantes) of the Sierra Nevada. We reject models of refugia with subsequent expansion into either the high southern Sierra or low-elevation Owens Valley, in favor of a simple isolation model with no migration between current populations. We find no evidence of migration at even moderate spatial scales using a variety of analyses in the southern Sierra, and limited migration in the northern Sierra. These results suggest that divergence in isolation following fragmentation is the dominant process structuring genetic variation in these salamander species. In the context of anthropogenic climate change and habitat degradation, these results imply that salamanders and other low-vagility alpine organisms are at risk of decline as they are unlikely to migrate across large distances.
INTRODUCTION
Major climatic changes have been shown to be a primary force structuring the genetic diversity within species (Hewitt, 2004) . In particular, temperate zone species have been heavily influenced by Pleistocene glacial cycles, which markedly altered both the landscape and climate of temperate montane environments. These glacial cycles and resulting environmental changes have been a primary cause of divergence in many groups of species and have profoundly affected population demography and patterns of genetic variation within species (Hewitt, 2004) , although demographic responses may differ both within and across groups of organisms (Burbrink et al., 2016) . Temperate alpine organisms should be especially affected by such cycles because much of their current habitat was covered with ice during glacial periods. The presence of marked genetic structure within many alpine species suggests survival in ice-free glacial refugia, including adjacent lowland regions and nunataks within glaciated regions (Hewitt, 2004) , but processes of refugial isolation and recolonization of alpine habitats remain poorly understood.
The Sierra Nevada mountains of California were extensively glaciated during the Pleistocene (Gillespie and Clark, 2011) and organisms there show evidence of a variety of histories, from very shallow genetic structure resulting from recent colonization (Schoville et al., 2011) to deep structure caused by persistence in multiple refugia (Schoville and Roderick, 2010) . Distributional changes resulting from Pleistocene glacial cycles were likely involved in the divergence of many species, including several Sierra Nevada endemics (Rubidge et al., 2014) . Much of the previous phylogeographic research in the Sierra Nevada focuses on organisms at lower elevations (for example, Kuchta et al., 2009) , which may have responded to climatic changes differently than alpine species. The importance of glacial refugia on patterns of genetic diversity and species distributions in the Sierra Nevada has been shown in multiple studies (Eckert et al., 2008; Roberts and Hamann, 2015 ), yet precise locations of such refugia remain elusive. Furthermore, survival of populations in ice-free parts of the alpine zone (nunataks) has been shown for alpine taxa elsewhere (Westergaard et al., 2011) . Such unglaciated regions occurred in the Sierra Nevada, including one relatively large area in the southern portion of the range (Gillespie and Clark, 2011) . Phylogeographic studies that test models of gene flow across elevational zones of the Sierra Nevada would allow us to understand how glacial cycles have influenced the spatial distribution of genetic diversity and the recolonization process of different organisms.
The web-toed salamanders of the Sierra Nevada (genus Hydromantes) provide an opportunity to test hypotheses of refugial isolation and persistence at high elevations. One species, H. platycephalus, is found throughout the high Sierra Nevada (primarily above 2000 m elevation) in areas of exposed granite with seeps or snowmelt as well as in scattered, riparian areas (1400-2000 m elevation) on the arid east side of the mountain range in the lower-elevation Owens Valley (Figure 1 ). This species has two major lineages in the northern and southern Sierra Nevada (HpN and HpSOV; Figure 1 ) that have been isolated for millions of years, as well as marked phylogeographic structure within each lineage (Rovito, 2010) . The southern lineage (HpSOV) includes both high Sierra and Owens Valley populations. The second species, H. brunus, is confined to the Merced River basin on the western side of the Sierra Nevada (Figure 1 ) from~200-900 m elevation in mossy talus habitat (Stebbins, 2003) and arose from within the northern lineage of H. platycephalus, probably as a result of glacial-mediated environmental divergence (Rovito, 2010) . The two species differ in colour pattern and body proportions, habitat and season of surface activity (Stebbins, 2003) . Although Rovito (2010) found H. platycephalus to comprise two distinct lineages, one of which is paraphyletic, he made no taxonomic changes because the inferred peripatric divergence of H. brunus would be expected to render H. platycephalus paraphyletic. Furthermore, recognizing the northern and southern lineages of H. platycephalus as distinct species would still leave the northern lineage paraphyletic with respect to H. brunus, and the two lineages of H. platycephalus are not distinguishable morphologically (Rovito, 2009) .
Previous analyses suggested a high degree of isolation between most populations of H. platycephalus but relatively close relationships between several low-elevation Owens Valley populations and nearby high Sierra populations (Rovito, 2010) . The presence of populations with divergent mtDNA and nuclear haplotypes in the Owens Valley, coupled with the fact that the climate in this region was cooler and wetter (and thus more suitable for salamander presence compared to the hotter, more arid climate at present) prior to the Last Glacial Maximum (Koehler and Anderson, 1995) , suggested that this area might have served as a glacial refugium for the species (Rovito, 2010) . Together with the close relationship of H. brunus to high-elevation H. platycephalus, these results suggested relatively recent connectivity between low and high-elevation populations on both sides of the Sierra Nevada. Currently, habitat of both species is patchy across the landscape and between high and low elevation.
Did Hydromantes persist in multiple refugia and colonize high elevations from unglaciated low-elevation areas, or do the lowerelevation populations instead represent more recently founded populations? To test which demographic scenario best explains the present distribution of genetic diversity in these salamanders, we use microsatellites developed for H. platycephalus. Microsatellite loci typically have high mutation rates, making them especially useful for examining patterns of genetic diversity within populations and across landscapes over timescales of thousands or tens of thousands of years (Rubidge et al., 2014) . We use analyses of population structure and connectivity to determine at which scale gene flow exists among populations and to define units for further demographic analyses. We then use coalescent analyses to test hypotheses of refugial locations, population connectivity and demography in the southern Sierra Nevada and Owens Valley. If the Owens Valley was indeed a Pleistocene refugium from which the high southern Sierra Nevada was recolonized, we expect Owens Valley populations to show increased levels of genetic variation as well as connectivity with high-elevation populations. We also predict that a model in which populations at high elevation were recolonized from low elevation would be favored over models of a high-elevation refugium, connectivity between all populations or simple isolation without migration.
MATERIALS AND METHODS
Sampling, DNA extraction and genotyping DNA for microsatellite genotyping was collected primarily using buccal swabs. This method provides high-quality DNA for genetic analysis without harming salamanders (Pidancier et al., 2003) . During a given sampling event, salamanders were retained until sampling was finished in order to ensure that (Rovito, 2010) , and the high degree of phylogenetic divergence between the two groups suggests that it would be inadvisable to analyze microsatellite genotypes from both groups together because of the high probability of homoplasy over longer time periods. The sampling design included populations spaced across nearly the entire range of H. platycephalus, as well as nearly all known populations of H. brunus, in order to test for population structure and connectivity at a regional scale. For the southern Sierra Nevada samples, two pairs of populations (at the Pine Creek (PC) and Sixty Lake Basin (SL) sites) were sampled in order to test for population structure at a local scale; 1.0 and 2.0 km separate these sites, respectively. For H. brunus, sites separated by 2.0 km at Hell Hollow (HH) were sampled in order to test for gene flow and population structure over short geographic distances. Swabs were air-dried in the field and stored at − 80°C in the lab prior to extraction. A guanidine-thiocyanate protocol (available upon request) was used to extract genomic DNA from buccal swabs.
A microsatellite library was developed by Genetic Identification Services (Chatsworth, CA, USA). From this library, 10 loci were selected based on variability across a panel of eight individuals (six H. platycephalus and two H. brunus) representing the geographic range of both species. Primer sequences and PCR conditions for these loci are given in Supplementary Table 1. The universal labeling method of Schuelke (2000) was used, with either M13 or T7 vector sequence included in forward primers. Two different fluorescent dyes were used: 6-carboxy-fluorescine with the M13-tagged primers and hexachloro-6-carboxy-fluorescine with the T7-tagged primers. PCR reactions included 0.6 μl of 10 mM reverse primer, 0.06 μl of forward primer with an M13 or T7 tail and 0.54 μl of the universal fluorescent-labeled primer. PCR consisted of an initial denaturing step at 95°C for 30 s, followed by 24 cycles of 95°C for 30 s, 30 s at the locus-specific annealing temperature and 72°C for 45 s. Ten cycles of 95°C for 30 s, 53°C for 30 s and 72°C for 45 s were then performed to incorporate the fluorescent dye into the PCR product, with a final annealing step of 72°C for 12 min. Sigma Jumpstart Accutaq (Sigma-Aldrich, St Louis, MO, USA) was used for all reactions.
Genotyping was done on an ABI 3730 capillary sequencer (Applied Biosystems, Foster City, CA, USA). To reduce genotyping costs, PCR products for loci labeled with different coloured dyes and/or separated by allele size range were combined for genotyping. Genotypes were scored using Genemapper 3.7 (Applied Biosystems). Individuals with low-quality traces or ambiguous genotypes were re-run until they could be genotyped confidently. Individuals missing genotypes for three or more loci were excluded in analyses, leaving 135 and 123 individuals from the northern and southern Sierra Nevada, respectively.
The program MICRO-CHECKER (van Oosterhout et al., 2004) was used to test for the presence of null alleles. For the southern Sierra Nevada data set, four tests (four alleles from a single population each) out of 90 showed evidence of null alleles. For H. platycephalus from the northern Sierra Nevada, only one locus for a single population showed evidence of null alleles. For H. brunus, however, 15 of 50 null allele tests were significant. Because of the possibility of null alleles within this data set, approximate Bayesian computation (ABC) analyses (see below) were not done on the HbHpN lineage. We tested for deviations from Hardy-Weinberg equilibrium for each locus in each population using the exact test implemented in Arlequin 3.5 (Excoffier and Lischer, 2010) . Significance values were adjusted for multiple comparisons using a Bonferroni correction. We also calculated allelic richness (N a ), expected heterozygosity (H E ) and genetic diversity (4N E μ) estimated from expected heterozygosity θ H.
Population structure analyses
We used the program STRUCTURE v.2.3.2 (Pritchard et al., 2000) , which uses a Bayesian clustering algorithm to group individuals into a predefined number of populations (K) by minimizing deviations from linkage-and HardyWeinberg equilibrium within populations. We applied the method of Table 1 Sampling sites, geographic groups, elevation, sample size (N), mean number of alleles across loci (N a ) ± s.d., mean expected heterozygosity (H E ) ± s.d. and θ H from mean heterozygosity under the infinite allele model Evanno et al. (2005) using the second derivative of the likelihood function (ΔK) as the selection criterion to estimate K. STRUCTURE was run 20 times for K, from 1 to the maximum number of sampling localities in each data set (northern data set K max = 12; southern data set K max = 9), with a burn-in of 10 000 steps and a run length of 100 000 steps. Structure Harvester v. 0.6 (Earl and vonHoldt, 2012 ) was used to calculate ΔK. Following the selection of K values, STRUCTURE was run for 1 × 10 7 generations with 1 × 10 6 generations of burn-in. Ten runs per data set for each value of K were performed, and the results were summarized using CLUMPP v1.1.2 (Jakobsson and Rosenberg, 2007) and visualized with DISTRUCT v1.1 (Rosenberg, 2004) . In addition to the K-value selected by the ΔK method, we also ran analyses with a value of K = 2 for the HpSOV data set (to test for structure between high and low-elevation sites) and K = 3 and K = 6 for the HbHpN data set based on a precipitous drop of ΔK between K = 3 and K = 4 and a plateau in the likelihood at K = 6 (Supplementary Figure S1 ). We used a graph theoretic approach implemented in Population Graphs (Dyer and Nason, 2004) to examine patterns of population connectivity within both data sets using the R package 'gstudio' (Dyer, 2012) Team, 2015) . This approach does not assume any a priori hierarchical population structure and works by eliminating links between populations in a model with connections between all populations to find the minimum model that sufficiently describes the genetic covariance among populations. The resulting population graph depicts both genetic variance within populations and patterns of population connectivity. We also performed Principal Coordinates Analysis using a covariance matrix of standardized distances calculated from each data set using the program GENALEX v.6.5 (Peakall and Smouse, 2012) to visualize genetic variation in multivariate space and look for clustering of individuals by locality, area or species.
We estimated the degree of population isolation using F ST and tested for a pattern of isolation by distance (IBD). We calculated F ST between all sampling sites for H. brunus and H. platycephalus from the northern Sierra Nevada using Genepop v4.1 (Rousset, 2008) . We did not use the population grouping from STRUCTURE analysis for the northern Sierra Nevada because many sampling sites were grouped into only a few populations (see Results). Our intention was to examine patterns of IBD across the landscape, and using only a few populations from STRUCTURE would reduce our power to detect a pattern of IBD if it existed. For the H. platycephalus sites in the southern Sierra Nevada and Owens Valley, we used the population grouping from the results of STRUCTURE with K = 6 (see Results), which grouped several pairs of geographically proximate populations together. We calculated genetic and geographic distances between populations in Genepop using F ST /(1 − F ST ) as a measure of genetic distance as well as a corrected measure (F ST /(1 − F ST )*) that may be more appropriate when sample sizes are small. We used the Isolation by Distance Web Service v. 3.23 (Jensen et al., 2005) to perform a reduced major axis (RMA) regression of F ST /(1 − F ST ) against the log of geographic distance and tested the significance of the correlation using a Mantel test with 10 000 permutations.
ABC analyses and bottleneck tests
To infer the demographic history of H. platycephalus populations, we compared the fit of several alternative evolutionary models using ABC. In this approach, genetic data are simulated under each model by drawing values for the parameters that define each model (for example, population size, migration rate, and so on) at random from prior distributions. The observed data are then compared to the synthetic data and, based on similarity to the observed data, the best-fitting model and associated parameter values are estimated. Posterior distributions rather than explicit likelihoods are used to estimate each model and its parameters (Csilléry et al., 2010) . We first proposed four models of population history (Figure 2 ) that differ in their assumptions about gene flow:
(1) isolation without migration, (2) recent colonization of the high Sierra from the Owens Valley, (3) recent colonization of the Owens Valley from the high Sierra and (4) migration among geographic neighbors. For model 1, we grouped sampling sites by population according to the STRUCTURE results with K = 6 and modeled a divergence history with major genetic breaks between lower-elevation Owens Valley populations and high Sierra populations occurring first and subsequent breaks occurring within these two groups by geography ( Figure 2a) . Within each group, we modeled the initial split as occurring between the most geographically distant population and the remaining populations, and repeated this to obtain a fully resolved tree. This divergence history was chosen to test alternate hypotheses of refugia in either the Owens Valley or high Sierra (Models 2-4). We also explored an alternative divergence history (Model 5; Supplementary Figure S2 ) reflecting the relationships between populations implied by the STRUCTURE results from K = 2 and population graph results from the southern Sierra with a simultaneous initial split between groups of populations. The use of this alternative topology allowed us to account for uncertainty in the relationships between populations in models 1-4. After evaluating the effect of gene flow in the four main models, we conducted a second round of model selection focused on population size change. We iteratively contrasted the best of our four initial models to models with a population bottleneck in each population. By focusing on a single population bottleneck at a time, we minimized the overall number of free parameters, providing a stronger test of population size change.
Coalescent simulations were carried out using ABCtoolbox (Wegmann et al., 2010) and SIMCOAL v2.1.2 (Laval and Excoffier, 2004) , with 1 000 000 synthetic data sets generated under each model. Uniform priors were set for population sizes, event times and mutation rates while truncated normal priors were set for each migration rate (prior values shown in Supplementary Table 2) . Estimates of microsatellite mutation rate are available for Ambystoma tigrinum (Bulut et al., 2009) , with a mean of 1.27 × 10 − 3 per generation (95% confidence interval 6.07 × 10 − 4 -2.33 × 10 − 3 ) and other vertebrates with the mean rates ranging from 8 × 10 − 5 to 1.25 × 10 − 2 (Peery et al., 2012) . Weighing the A. tigrinum estimate more heavily, we placed a uniform prior on the mean rate across 10 microsatellite loci (1 × 10 − 3 to 9 × 10 − 3 ), but allowed each simulated locus to vary from this mean according to a normal distribution truncated at zero (with s.d. 0.0005). In addition, we implemented a geometric stepwise mutation model with geometric parameter set to 0.5 to allow for the insertion or deletion of multiple repeats. Summary statistics were calculated in Arlequin v3.5 (Excoffier and Lischer, 2010) for the simulated and observed microsatellite data sets. The mean and s. d. of the following statistics were calculated in each population and across all populations: the number of alleles (N a ), the expected heterozygosity (H), the Garz-Williamson index the modified Garza-Williamson index, and the range of alleles (R). In addition, we calculated pairwise F ST , the mean number of differences between populations (PI) and the genetic distance between populations based on the stepwise mutation model (DMUSQ). We implemented a rejection sampling approach coupled with feed-forward neural networks (nonlinear regression) to reduce the summary statistics into a smaller number of dimensions (Blum and François, 2010) . We explored several tolerance levels for the rejection step using cross-validation (0.005, 0.01, 0.05 and 0.1) and chose to accept 1% of the simulations, as the tolerance level seemed to have little effect on the results. Competing models were compared based on their posterior probability (PP) and Bayes Factor scores (BF43:1 were treated as substantial support for a more parameter-rich model). We used crossvalidation to ensure that the models 1-4 could be correctly classified based on our model selection procedure. Finally, we estimated parameters in the bestfitting model using feed-forward neural networks and used cross-validation to assess the accuracy of our parameter estimates at several tolerance values (0.01, 0.05 and 0.1). These analyses were conducted in R using the 'abc' package (Csilléry et al., 2010) .
To further assess the demographic history of Hydromantes populations, we examined demographic change within individual populations. The full likelihood method of Beaumont (1999) can be used to estimate a linear or exponential change in population size in a single population, assuming a stepwise mutation model. We used the software MSVAR 1.3, which implements a hierarchical Bayesian model to allow for variability among loci (Storz and Beaumont, 2002) . We focused on those populations identified as clusters by STRUCTURE with large sample size (CC (Convict Creek)+TL (Tully Lake), SL1+SL2 and PC1+PC2), but because MSVAR is sensitive to underlying population structure (Chikhi et al., 2010) , we also examined the CC population by itself. We chose the linear growth model and the following hyperpriors (logscale) for the model parameters: means for ancestral (αN0) and current effective population (α N1 ) set to 3, mean mutation rate (α μ ) set to − 4.75, divergence time (α xa ) set to 4, variance of the mean σ N0 = σ N1 = 4, σ μ = 2, σ xa = 3, mean of the variance β N0 = β N1 = β μ = β xa = 0 and variance of the variance τ N0 = τ N1 = τ μ = τ xa = 0.5. For each data set, two separate MCMC chains were run for 25 × 10 9 steps with samples recorded every 1 000 000 steps.
We assessed convergence using the Gelman-Rubin multivariate scale reduction factor (PRSF) and the effective sample size of each parameter across the independent chains, using the 'CODA' package in R (Plummer et al., 2006) . For each parameter, the mode and 95% highest posterior density (HPD) intervals were estimated from the marginal posterior distribution using the 'locfit' package in R (Loader, 2013 ).
RESULTS
Most populations of H. platycephalus in the northern Sierra Nevada have reduced genetic diversity (as measured by θ H ) compared to populations of H. brunus (Table 1) . The Sonora Pass population in particular has low values of θ H (0.35), allelic richness (2.5 ± 1.08 (mean ± s.d.)) and expected heterozygosity (0.26 ± 0.26). The Owens Valley populations of the southern lineage of H. platycephalus have reduced genetic diversity (θ H , H E ) compared to those in the adjacent high southern Sierra Nevada. Unlike in many temperate zone species (Hewitt, 2004) , there does not appear to be a clear-cut north-south pattern in genetic diversity in our results. Despite the generally lower genetic diversity of the northern lineage of H. platycephalus, the most northern population (SmL) has the highest value of θ H and high allelic richness and southern Sierra populations at high elevation have genetic diversity comparable to that seen in H. brunus (Table 1) . F ST values between sites were generally lower within H. brunus than within northern H. platycephalus, or between the two species (Table 2) .
Population structure analyses
For the HbHpN data set, the highest value of ΔK from STRUCTURE runs varying the value of K was for K = 2 (ΔK = 4.86) and the L(K) reached a plateau at K = 6 (mean lnL = − 4038.92), increasing little from K = 6 to K = 9 (Supplementary Figure S1) . The ΔK for K = 3 (4.44) was similar to that for K = 2 but dropped precipitously at K = 4 (ΔK = 0.41). Although the STRUCTURE results for the northern Sierra Nevada with K = 2 might be expected to show a clear division between the H. brunus and H. platycephalus, they instead show samples of H. platycephalus from the Merced drainage in Yosemite National Park (Bridalveil Falls and Half Dome) assigned with high PP to the same population as H. brunus (Figure 3a) . Individuals of H. platycephalus from two high Sierra populations (EmL and SP) were classified with high probability (0.90) to a second population. Individuals from two other high Sierra populations of H. platycephalus were classified as admixed between these two populations. At K = 6, some additional population structures are evident, although the only clearly demarcated populations are those from the northernmost part of the range of H. platycephalus. At K = 3, all H. brunus individuals and H. platycephalus from Half Dome were grouped into a single population. For HpSOV, ΔK had a single peak at K = 6 (ΔK = 86.79). The STRUCTURE analysis with K = 6 assigned samples from CC and nearby Tully Lake to a single cluster (Figure 3b ). Although CC is east of the Sierra Nevada crest, it is at substantially higher elevation than eastern Sierra sites and is located north of the Owens Valley; for these reasons, we treat it (together with Tully Lake) as a high Sierra population in all subsequent analyses. Paired, nearby sites at PC were placed in a cluster, as were those from Sixty Lake Basin. The other three sites were each classified as separate clusters. All individuals except one were assigned with high PP (40.95) to a single cluster; the lone exception (from the Silliman Lakes locality) was assigned to its population of origin with PP = 0.93. No evidence of admixture between populations is apparent. There was no division between Owens Valley and high Sierra Nevada samples at K = 2 (Figure 3b ). F ST estimates were generally higher between Owens Valley and high Sierra populations than between populations in the high Sierra (Table 3) .
The population graph for the northern Sierra Nevada reveals two separate graphs with limited connectivity between populations (Figure 4 ). Four of the six H. brunus localities form one linear graph. The H. brunus localities from HH1 and HH2 are connected to localities of H. platycephalus in a second graph through the Half Dome site. Localities in the Yosemite area show the most connectivity to those from other parts of the range. H. brunus localities tend to have higher genetic variance than those from the high Sierra Nevada (Figure 4 ), in agreement with calculated values of genetic diversity (θ H , Table 1 ). The population graph for the southern Sierra Nevada is even simpler, with three separate graphs and no locality with more than two connections. Each Owens Valley population (ChC and PC) is in a separate graph and the geographically proximate populations ChC and SL are in different graphs, in agreement with the STRUCTURE results.
The principal coordinate analysis results for both the HbHpN and HpSOV data sets largely mirrored those from STRUCTURE and Population Graphs analyses. The HbHpN results showed all individuals of H. brunus together in a single cluster, along with individuals of H. platycephalus from locality Half Dome (Supplementary Figure S3) . Individuals of H. platycephalus from Bridalveil Falls, the geographically nearest locality to the distribution of H. brunus, are also closest to the H. brunus cluster. For the southern Sierra Nevada, individuals from Owens Valley populations separate from high Sierra populations and from each other in principal coordinates space. Individuals from localities FL and Silliman Lake are clustered together, as are individuals from TL and CC.
For the northern Sierra Nevada, the IBD analysis rejected the null model of no relationship between genetic distance and log geographic distance, both when using F ST /(1 − F ST ) (Mantel test Z = 221.8, P = 0.005) and when using the corrected F ST /(1 − F ST )* (Mantel test Z = 134.8, Po0.0001). reduced major axis regression estimated a positive slope for the relationship between genetic and geographic distance and indicated that geographic distance explains much of the variance in genetic distance (regular F ST : slope= 0.99, R 2 = 0.34; corrected F ST : slope = 0.83, R 2 = 0.56). For the southern Sierra, neither measure of genetic distance showed a significant relationship with geographic distance (regular F ST : Mantel test Z = 65.7, P = 0.21, RMA slope = 1.24, R 2 = 0.05; corrected F ST : Mantel test Z = 37.0, P = 0.37, RMA slope = 0.69, R 2 = 0.015). Figure S1) , and the use of the alternative model had little effect on parameter estimates (results not shown). The median parameter estimates based on the isolation without migration model (Table 4) suggest that populations in the southern high Sierra (SL, Silliman Lake and FL) diverged between 1.7 and 3.5 ka (τ 1 and τ 2 events), that populations in the Owens Valley (ChC and PC) also diverged during this period (2.7 ka, τ 3 event), whereas the τ 4 divergence of the CC/TL lineage was quite old (17.3 ka). The median estimate for the divergence time τ 5 of all populations was 35.8 ka.
ABC analyses and bottleneck tests
Estimates for current effective size (N e ) range from 649 to 1098 among populations, while estimates for ancestral effective size were much larger (428 × to 452 × ). Confidence intervals around ancestral effective size estimates are large, however, and cross-validation indicates a high prediction error associated with these estimates (Supplementary Table 3 ). The relaxation of tolerance levels (from 0.01 to 0.1) to include more simulated data points does not improve the prediction errors, suggesting that the data contain insufficient information to estimate ancestral population size. Including a bottleneck improves the fit of the observed data to the isolation without migration model for populations from CC/TL (PP of bottleneck model = 0.725, BF = 3.8), SL (PP of bottleneck model = 0.807, BF = 4.2) and FL (PP of bottleneck model = 0.819, BF = 4.5). There was no evidence of a bottleneck in either of the Owens Valley populations. The median parameter estimates suggest that the bottleneck times varied among populations (Table 5) , although within a narrow time interval of 1.0-2.4 ka. The demographic analysis of population samples using MSVAR indicates weak population expansion from very small ancestral population sizes for the CC/TL and SL clusters, but no change in the PC cluster. In all cases, MCMC traces and diagnostics suggested convergence for both likelihood runs, good mixing (PSRFo1.1) and parameter estimates drawn from a large sample size (effective sample size4290). For the CC/TL cluster, estimates of the current population size (mode = 16, 95% HPD: 0.02-14 443), ancestral population size (mode = 1.72, 95% HPD: 1-3.17) and time of population size change (mode = 1809 years, 95% HPD: 2.22-1 490 579) suggest an expansion following a bottleneck in the later Holocene (with wide uncertainty around the timing estimate). Analysis of CC alone suggested a slightly larger current effective population size (mode = 30.51, 95% HPD: 
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DISCUSSION

Population responses to glaciation
We set out to test whether Hydromantes persisted in multiple refugia and colonized high-elevation sites from low-elevation sites in the Sierra Nevada. Multiple analyses converge in estimating very limited connectivity between populations of H. platycephalus even over relatively short geographic distances, especially in the southern Sierra Nevada. STRUCTURE results placed all southern Sierra localities that were separated by more than a few kilometers into different populations with no evidence of migration or admixture between populations. ABC analyses strongly favored a model that did not include migration between populations. The population graph for the southern Sierra Nevada also indicated limited population connectivity. In the northern Sierra Nevada, slightly more population connectivity was apparent, indicated by more connections between nodes of the population graph and STRUCTURE results that placed several sites within a single population.
The results of IBD analyses show that much of variance in genetic distance between localities of H. platycephalus and H. brunus in the northern Sierra Nevada is explained by geographic distance. A pattern of IBD, in which gene flow between populations decreases with spatial distance across the landscape, is in agreement with the signature of limited admixture seen in the STRUCTURE results. The population graph results also showed that there has been at least some gene flow between populations over time, especially between adjacent populations. Given a limited dispersal ability, based on a capture-recapture dispersal estimate from a related species (Herman, 2003) , limited dispersal from population genetic analyses of microsatellite data within continuous habitat (Cabe et al., 2007) and across expanses of unsuitable habitat (Velo-Antón et al., 2013) of other terrestrial salamander species, and the apparently patchy distribution of its mossy talus habitat, it seems unlikely that the substantial gene flow is currently occurring among populations of H. brunus or among H. brunus and H. platycephalus. Past glaciations, however, likely pushed some populations of H. platycephalus in the northern Sierra Nevada to lower elevations, putting them in close proximity to H. brunus. Such distributional changes may have increased the spatial proximity of populations and environmental suitability, allowing for more gene flow across the landscape.
The results of ABC analyses, large F ST values between populations, rejection of the IBD model and a lack of substantial connectivity in population graphs between sites in the southern Sierra Nevada support a scenario of very low (or no) migration between populations over moderate to large spatial scales. Our study design does indicate population connectivity over small spatial scales, however. In all three instances (HH, SL and PC), where two sites were sampled within 1-2 km, the two sites were grouped into a single population by STRUCTURE and connected in the population graph. At two of these sites (HH and SL), habitat appears fairly continuous, while at PC, salamanders are apparently restricted to a narrow area of riparian vegetation along each creek, and the two sampling sites are separated by rock and arid vegetation. The PC sites show that salamanders may be able to traverse short stretches of seemingly inhospitable habitat, and that dispersal occurs with enough frequency to maintain population connectivity over short scales.
Differences in glacial history between the northern and southern Sierra Nevada may partially account for differing levels of population structure and connectivity seen in the two lineages of Hydromantes. In the Sierra Nevada from the Yosemite region north, only the highest peaks of the range existed as ice-free nunataks at the LGM, with a highland ice field extending~128 km along the Sierra Nevada with an average width of 64 km. Further south in the Sierra Nevada, higher ridges may have been ice-free and there may not have been an ice field extending across the high divides between river basins in the region of present-day Sequoia-Kings Canyon National Parks (Guyton, 1998) . Maps of glacial ice extent at the LGM (Gillespie and Clark, 2011) show a relatively large unglaciated region in the high southern Sierra Nevada southwest of PC, and also show that sites FL and Silliman Lake were on the edge of glacial ice. Thus, populations in the high southern Sierra Nevada could have persisted either in high-elevation ice-free refugia or by moving short distances to track movement of ice during cold periods. Either persistence in local ice-free refugia or movement downslope over short distances (or both) would explain the lack of a signature of recolonization from a large glacial refugium seen in the ABC results and limited connectivity between populations in the STRUCTURE and population graphs results. By contrast, more extensive glacial ice covering current H. platycephalus populations in the northern Sierra Nevada may have led to recolonization and more extensive gene flow following deglaciation, accounting for the increased signature of gene flow and admixture in this lineage. Rovito (2010) showed that some populations in the Owens Valley south of those sampled for this study had unique, divergent haplotypes for both mtDNA and some nuclear loci. The presence of these divergent haplotypes suggested that the Owens Valley may have been a refugium from which the high southern Sierra Nevada was recolonized following deglaciation. Those populations, from the southernmost portion of the Owens Valley, had too few tissue samples available and were not included in this study. At present, we can state that the northern portion of the Owens Valley was apparently not a glacial refugium for high-elevation populations of H. platycephalus. We cannot, however, rule out the possibility that unsampled populations in the southern Owens Valley may be within an area that served as a glacial refugium; additional sampling of these populations would be necessary to test this hypothesis. The timing of more recent splits both within the high southern Sierra Nevada and within the Owens Valley appears to correlate well with a period of neoglacial cooling following the hot and dry conditions of the early to mid-Holocene (Koehler and Anderson, 1995) . It may be that salamanders were able to colonize new areas under the cooler and wetter conditions of this period; our isolation without migration model does not distinguish between vicariance of previously continuous populations and the establishment of new populations via dispersal. If warm, dry conditions caused vicariance of salamander populations, we would expect the population divergence times to fall earlier in the Holocene. The confidence intervals on divergence time between highland and lower-elevation populations or on the divergence of the CC/TL population from others in the high southern Sierra (Table 2) are too wide to permit interpretation of the possible effect of climate on population divergence. The relatively narrow time interval (1400 years) within which bottlenecks occurred in three populations suggests that climatic changes could have been responsible for reductions in population size, since multiple populations were affected.
Although we attempted to provide conservative estimates of microsatellite mutation rates, a misspecification of these rates could confound our ABC parameter estimates, including estimates of population size and divergence time. Thus, all time estimates should be interpreted with some caution. In particular, the mutation rate estimate from Bulut et al. (2009) included monomorphic loci and was calculated over only a few generations. If the mutation rate in Hydromantes is actually faster, our estimates of divergence time would be too old and our population size estimates would be too high. However, most vertebrate microsatellite mutation rates are slower; thus, our expectation is that population divergence is well placed within the context of Holocene environmental change. The relative changes in population size we observe, however, should be unaffected by different mutation rates and therefore our detection of bottlenecks should be fairly robust.
Conservation implications Both H. platycephalus and H. brunus are species of conservation concern in California (Jennings and Hayes, 1994) and our results are relevant to management of these species. The only connectivity between populations within the southern Sierra Nevada is over very short spatial scales (⩽2 km), suggesting that populations separated by more than a few kilometers can be considered as effectively isolated from one another and treated as separate units for management purposes. While less population structure is evident within H. brunus, this is likely due to more recent population fragmentation than to ongoing gene flow because of the lack of intervening suitable habitat. In general, populations do not appear to have reduced genetic diversity (measured by N E , θ H , allelic richness or H E ), although genetic diversity is somewhat lower in the Owens Valley and northern high Sierra Nevada. Populations of H. brunus, which is of greater concern due to its small range and limited number of known localities, have relatively high genetic diversity and perhaps more historical connectivity than those in either the high Sierra or the Owens Valley. Such isolation could affect population-level responses to anthropogenic climate change that depend on either adaptation to new environmental conditions or movement across the landscape.
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